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ABSTRACT OF THESIS 
 
 
 
 
THE DIFFERENCES BETWEEN IRON AND IRON-SUBSTITUTED MANGANESE 
SUPEROXIDE DISMUTASE WITH RESPECT TO HYDROGEN PEROXIDE 
TREATMENT 
 
Iron-substituted manganese superoxide dismutase (Fe(Mn)SOD) was 
produced using an in vivo preparation method. It’s an inactive enzyme in 
catalyzing superoxide radical dismutation owing to the mis-incorporation of Fe 
in the active site evolved to use Mn. To investigate the possible toxicity of 
human Fe(Mn)SOD proposed by Yamakura1, we studied the properties of 
Fe(Mn)SOD upon H2O2 treatment and compared to that of FeSOD. It’s found that 
the responses to H2O2 treatment were different, including the changes of optical 
spectra, variations of active site coordination and secondary structures. Fe3+ 
reduction was not observed in Fe(Mn)SOD even H2O2 is believed to oxidize 
proteins via highly reactive intermediates including Fe and formed via Fe2+, 
which is true in FeSOD. What’s more, the activities of Fe(Mn)SOD and FeSOD 
were totally different in the ABTS assay or Amplex Red assay. These results 
indicated that the mechanism of peroxidase reaction of Fe(Mn)SOD is not 
identical to that of FeSOD. 
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peroxide treatment, Tryptophan modification, secondary structure loss, 
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Chapter 1 Introduction of iron-substituted manganese superoxide dismutase 
(Fe(Mn)SOD) 
 
Oxygen plays an essential role in the cellular metabolism as the terminal 
electron acceptor for respiration, and a participant in other reactions2-5. Many 
compounds need to be oxidized as part of their metabolism. Respiratory 
electron transfer and coupled ATP production is the major source of energy for 
animals. The correct product of respiratory O2 reduction is 2 H2O. However, 
biproducts of reduction of oxygen are partially reduced species such as H2O2 
and O2•- (hydrogen peroxide an superoxide), which are very reactive and can be 
harmful to cells6-10. Many diseases and the aging of humans are found to be 
related to the abundance and activities of reactive oxygen species (ROS)11-13. 
Therefore it is not surprising that all known aerobic organisms possess 
superoxide dismutases (SOD), which catalyze the disproportionation of 
superoxide radical (O2•-), an ROS that gives rise to several of the other ROS.  
The overall dismutation reaction of superoxide is shown in equation (1) 
and the mechanism of SOD has been studied for several decades14-19. There are 
three types of SOD based on the protein fold and the identity of the metal ion 
involved in catalysis. One type of SOD employs nickel, another uses binuclear 
copper/zinc, and the third utilizes either iron or manganese in the active site. 
Although the third family includes SODs that harbor either iron (FeSOD) or 
manganese (MnSOD), the proteins are homologous based on their similar amino 
acid sequences, structures and active site geometries20. The ribbon structure 
and active site of FeSOD are shown in Figure 1-1 and 1-2, repsectively. Many 
organisms contain multiple different types of SOD. For example, Escherichia coli 
has MnSOD, FeSOD and Cu, Zn-SOD21. The published crystal structures of FeSOD 
and MnSOD from E. coli demonstrate that the active sites are almost 
superimposable22, as indicated in Figure 1-3, and their amino acid sequences 
are 44% identical. Thus, although the two proteins employ different metal ions 
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to catalyze superoxide dismutation, the proteins are very similar. In both cases 
the reaction occurs via alternate oxidation and reduction of superoxide as the 
active metal ion cycles from the 3+ state to the 2+ state and back. The general 
catalytic mechanism of FeSOD and MnSOD is shown in equation (2) and (3) as 
follows: 
 
  
          
                                                                               
  
                            
                             
  
                              
                         
  
Given the similarities between FeSOD and MnSOD, it is not surprising 
that the MnSOD protein can bind Fe, to produce iron-substituted MnSOD 
('Fe(Mn)SOD hereafter). The active site of Fe(Mn)SOD is superimposable with 
that of FeSOD22 but Fe(Mn)SOD is inactive in the standard assay. This has been 
explained on the basis of redox tuning. Because high spin Mn3+/2+ has a 
considerably higher reduction midpoint than does Fe3+/2+ the MnSOD protein 
depressed the midpoint potential of its bound metal ion much more than does 
the FeSOD protein. Thus Fe(Mn)SOD has a much lower reduction midpoint 
potential than FeSOD23,24. Fe3+(Mn)SOD also has a higher affinity for small 
anions than does Fe3+SOD, so that OH- binds as a sixth ligand at pH 6.723 as 
opposed to pH 9 for FeSOD25. Therefore the Fe center of Fe(Mn)SOD is seen to 
be distorted from trigonal bipyramidal to tetragonal coordination owing to the 
bound hydroxide as a sixth ligand22.   
MnSOD is the major active antioxidant enzyme in human mitochondria 
26,27, and FeSOD is absent. The activity of MnSOD is very important for 
mitochondrial function and integrity. Many cancer cells show abnormal MnSOD 
protein expression or catalytic activity. St. Clair and coworkers28 proposed that 
imperfect MnSOD synthesis may occur due to gene mutation, short and 
immature mRNA transcripts or inappropriate metal incorporation, which could 
be the Fe-substituted form.  
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Studies29-31 have showed that when mitochondrial iron homeostasis is 
disrupted or when cells are short for manganese, iron accumulates and binds to 
MnSOD29-31. Incorporation of the “wrong" metal ion into the SOD active site 
results in inactive enzyme and the exacerbation of oxidative stress. 
Unfortunately, the metal uptake process only possesses modest selectivity both 
in vivo and in vitro32-36. Competition between iron and manganese for active site 
binding occurs based on the availability of these metal ions in the matrix. Mn 
access to apo-MnSOD is important for enzyme functional maturation, but steps 
governing it are still not clear. Whittaker’s group37-41 have spent lots of effort 
studying the mechanism of metal uptake by MnSOD both in vivo and in vitro. 
They found that the metallation process depended on temperature, suggesting a 
conformational gate. Therefore they proposed that SOD metallation required 
either subunit dissociation or domain separation42. This provided a new insight 
into the metallation mechanism of the SOD apoprotein, which is likely to be 
conserved over this family of enzymes. 
Recently, Yamakura 1 proposed that Fe(Mn)SOD possesses a radical-
generating activity against 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate) 
(ABTS) in the presence of H2O2. The mechanism of radical formation by 
Fe(Mn)SOD and H2O2 is unknown and complicated since FeSOD and MnSOD 
have different responses to peroxide treatment. FeSOD is reduced and 
inactivated by H2O2 43-45, whereas MnSOD is generally resistant46,47. In the 
current study, we find that Fe(Mn)SOD is able to react with H2O2 in the absence 
of ABTS. The results indicated that the mechanism of this reaction is not 
identical to that of FeSOD. The initiation of the reaction might not be result from 
Fe3+ reduction since no Fe3+ signal is lost based on both optical and EPR spectra. 
Fluorescence spectroscopy and circular dichroism indicate that tryptophan 
residues are modified and local secondary structure of the enzyme is lost, 
possibly because of the radicals formed.  
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Figure 1-1 Ribbon structure of E. coli Fe3+SOD dimer.  
Fe3+ is shown as a large orange sphere and the heavy atoms of the ligands are from 
Cα out in stick format. Based on the coordinates of Fe3+SOD published by Lah et al., 
1ISB,48 and produced by Miller, A. F. using CHIMERA. 
 
 
 5 
 
Figure 1-2 The active site in FeSOD. 
The active site including selected second sphere residues in FeSOD with 
commonly-reported hydrogen bonds. H atoms and backbone atoms are omitted 
for clarity. Color-coded residues retain the same coloring as in Figure 1-1. Based 
on the coordinates of Fe3+SOD published by Lah et al., 1ISB,48 and produced by 
Miller, A. F. using CHIMERA. 
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Figure 1-3 Overlay of the active sites of Fe3+(Mn)SOD and Fe3+SOD.  
Overlay of the active sites of Fe3+(Mn)SOD (magenta Cs) and Fe3+SOD (orange Cs) 
based on the A-chain coordinates of Edwards et al. (1MMM)22 and the A chain 
coordinates of Lah et al. (1ISB) 48. Produced by Miller, A. F. using CHIMERA. 
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Chapter 2 Fe(Mn)SOD protein in vivo overexpression, purification and 
characterization 
2.1 Introduction 
Many studies of Fe(Mn)SOD have been published. In most of them 
Fe(Mn)SOD proteins were obtained from MnSOD after denaturing it, removing 
Mn, and then refolding in the presence of Fe 36,42,49,50. Unfortunately, it is very 
hard to prevent non-specific binding of Fe to the protein, when attempting to 
provide Fe for the active site. Fe bound outside the active site (non-active site 
Fe, NAS-Fe) contributes to the optical and the EPR spectra, and have the 
possibility of compete with active site Fe in ligand binding23. Besides, the 
denaturing and refolding process are also time and energy consuming, and 
introduce the risk of unexpected modifications to the protein.  
 To avoid this, we sought to overexpress MnSOD protein in E. coli and 
obtain Fe(Mn)SOD in vivo by manipulating the Fe and Mn supplied to the 
culture. This could be plausible since competition between Fe and Mn for active 
site binding is known to occur in vivo, generating MnSOD protein containing Fe 
or Fe and Mn, as well as MnSOD32,33. Studies also indicated that some conditions 
could be chosen to favor Fe binding, such as a high concentration of Fe (II), and 
anaerobic growth conditions. Benov has pointed out that iron-enriched medium 
imposed on E. coli and inhibited SOD formation51, so we used a lower 
concentration of Fe (II) that has been found to be non-inhibitory in other 
circumstances.   
 This chapter describes our method of producing Fe(Mn)SOD in vivo, and 
the properties of the material that results. 
2.2 Materials and Methods 
The wild type MnSOD gene from E. coli on the pET21a derivative pAK0 
was transformed into Ox326 cells by A. Karapetyan in our lab. pAK0/Ox326A 
glycerol stock solution was streaked onto an Luria-Bertani Agar plate 
supplemented with 50 µg/mL kanamycin and 50 µg/mL ampicillin. The same 
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concentrations of these drugs were used in all LB media for this strain. The 
plates were incubated at 37C overnight, from which a single colony was 
transferred to 3 mL LB medium. After shaking at 37C, 220 rpm for 12 h, 50 µL 
of this culture was added to 50 mL LB in a 250 ml Erlenmeyer flask and 
incubated under the same conditions for 12 h. Finally, 2 mL was used to 
inoculate 2 L LB in a 6 L flask, which was shaken at 37C and monitored via the 
optical density at 600 nm (OD600). When the OD600 reached ~0.6, ferrous 
nitrilotriacetate (FeNTA) was added to a final concentration of 35 µM and IPTG 
(isopropylthiogalactopyranoside) was added to a final concentration of 50 
µg/mL IPTG to initiate SOD overexpression. The culture was shaken at 37 °C for 
another 6-8 hours of until the OD600 reached a plateau (OD600 ≈ 4).  
Cells were harvested by centrifugation at 4C, 8000 rpm for 20 min and 
then resuspended in cell lysis buffer. Pellets were centrifuged again under the 
same conditions and frozen at -20C until needed. Frozen cell pellets were 
thawed on ice and resuspended in 5 mM potassium phosphate buffer, pH7.4, 
using 3 mL buffer for each gram of cell pellet. After that it was transferred into a 
homogenizer and ground into a smooth paste. Protease inhibitor (AEBSF, 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride) and CaCl2 were added to 
the paste to final concentrations of 0.2 mg/mL and 0.1 M, respectively. The cells 
were kept on ice and ruptured by sonication using 10 cycles of (30 s sonication 
and 30 s pause for cooling), or as needed to decrease the viscosity of the 
suspension. Debris was then removed by centrifugation at 4C, 18 krpm for 30 
min.  
The first step of the purification was a heat cut, wherein the supernatant 
was brought to 0.1 M KCl by slowly adding the solid salt to the supernatant 
while stirring it on ice, before transferring the beaker to a water bath 
maintained at 60C, for 3 min, followed by further incubation in an ice bath for 
15 min without stirring. Precipitates were separated from crude Fe(Mn)SOD by 
centrifugation at 4C, 18 krpm for 30 min. Ammonium sulfate was then 
gradually added to the supernatant while stirring on ice over a period of more 
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than 30 min before centrifugation again as above. The supernatant then was 
concentrated using an Amicon concentrator with a 30 kDa cutoff membrane 
(regenerated cellulose membrane), centrifuging at 4C, 4000 g, for 20 min 
intervals, until the volume was reduced to ~ 5 mL. The concentrated 
supernatant was loaded onto a G-25 column (Sephadex G-25 Medium), which 
was eluted with 5 mM potassium phosphate, pH7.4. The protein concentration 
in each fraction was measured at 280 nm (280 = 91900 M-1cm-1 for Fe(Mn)SOD 
dimers and 280 = 101000 M-1cm-1  for FeSOD dimers 52). The G-25 column was 
washed with 500 mM potassium phosphate buffer, pH7.4 and stored with 5 mM 
buffer. The fractions containing protein were combined and transfer to dialysis 
bags, followed by dialysis overnight at 4C against 12 L 5 mM potassium 
phosphate buffer, pH7.4. The supernatant was concentrated again before 
loading onto a DE52 column pre-equilibrated with 5 mM potassium phosphate 
buffer at pH 7.4. 5 mM phosphate buffer was used to elute the Fe(Mn)SOD and 
fractions were collected by a fraction collector. The column was washed with 
500 mM potassium phosphate buffer at pH 7.4 between uses. The protein 
concentration and purity of each fraction were monitored by absorbance at 280 
nm and SDS-PAGE electrophoresis, respectively. Fractions containing pure 
Fe(Mn)SOD were pooled and concentrated to bring the protein concentration to 
≈1 μΜ, and stored at 4C. 
2.3 Results and Discussions 
2.3.1 Protein purification, metal content and activity 
The SDS-PAGE shown in Figure 2-1a demonstrates the successful 
overexpression induced by adding IPTG to the cells. During purification process, 
the supernatant and pellet collected at each step were characterized by 
electrophoresis with the results shown in Figures 2-1b and c. It can be seen that 
the early fractions from DEAE-52 ion exchange chromatography contained 
almost no proteins other than SOD. The latter fractions contained some 
impurities, and therefore were not retained for characterization. MnSOD was 
used as control, illustrating that the overexpressed Fe(Mn)SOD and MnSOD had 
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same protein molecular weight on the SDS-PAGE, as expected. The non-
denaturing gel in Figure 2-3 is able to resolve separate bands for MnSOD 
protein containing Mn, or Fe or neither53. It shows that the overexpressed 
protein is heterogeneous with respect to metal ion content, which was therefore 
characterized (below). 
After purification, the quality of the protein was assessed via the assays 
summarized in Table 2-1. The extent of contamination with DNA was evaluated 
via the ratio of absorbances at 260 nm vs. 280 nm 54. Our result is close to the 
value published for 100% protein (free of any DNA), that is 0.57 whereas 
protein containing 5% DNA (g/g) gives a high A260/A280 ratio of 1.0655. It is 
evident that our purification procedure successfully removed DNA from the 
protein solution, and therefore that we can interpret A280 alone as a measure of 
protein concentration. The iron concentration was determined via the ferrozine 
assay, since it is more accurate than determination via the absorption at 350 
nm. Using the ferrozine assay, the [Fe]/[dimer] was found to be 1.56. This is 
smaller than the target value of 2, the theoretical iron per dimer ratio. The 
specific activity of our preparations was determined using the cytochrome C 
assay56. The specific activity is much lower than that of a MnSOD control, as 
expected because the Fe-substituted protein has been demonstrated to be 
inactive in the standard assay24. However, the activity of 431 U/mg is much 
higher than Fe(Mn)SOD produced in vitro (≈ 100 U/mg, by unfolding and 
refolding with metal ion removal and replacement).  
Both the specific activity and the [Fe]/[dimer] ratio implied that Mn-
bound protein may present since metal binding in vivo exhibits only a modest 
selectivity32,33,37,42. An EPR assay57 is used to quantify Mn and the standard 
curve is shown in Figure 2-2. It’s found that the protein contains 3% Mn per 
active site Fe. However, since there is only small amount of MnSOD that is 
totally resistant to peroxide treatment, it should not be a big effect on our 
peroxidase study. 
Non-denaturing polyacrylamide gel electrophoresis is used to separate 
and compare proteins with different mobility based on more than just the 
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molecular weight58,59. The results of non-denaturing electrophoresis through 
18% polyacrylamide are shown in Figure 2-3a. We found that the Fe(Mn)SOD 
contains two species with similar but distinct mobilities. Earlier work by 
Fridovich's lab have assigned these bands to Mn2-MnSOD (upper band, lowest 
mobility)33, Mn,Fe-MnSOD (middle band) and Fe2-MnSOD (lower band, highest 
mobility). We confirmed these assignments by detecting SOD activity in the gel 
using the NBT assay (nitroblue tetrazolium assay)56,60. The upper band contains 
almost all of the activity, as shown in Figure 2.3a. The lower two bands are 
attributed to Fe-bound protein as demonstrated by the iron-in-gel assay61 and 
shown in Figure 2-3b.  
Table 2-1 Fe(Mn)SOD protein basic characterization. 
 
DNA 
contaminat
ion 
[Fe]/ 
[dimer] 
Protein yield 
(mg protein/ 
L culture) 
Specific 
Activity 
(U/mg 
protein) 
Fe(Mn)
SOD 
0.560.07a 
1.540.
18b 
26.6 43162 Uc 
a. The DNA contamination is determined by the absorption ratio of A260/A28054.  
b. The dimer concentration is obtained by the absorbance at 280 nm using 
published extinction coefficient56 in 50mM potassium phosphate buffer at 
pH7.4. The iron concentration is determined via ferrozine assay62.  
c. The SOD activity is measured using xanthine/xanthine oxidase cytochrome c 
method56.  
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Figure 2-1 SDS-PAGE profile of Fe(Mn)SOD purification. 
(a) Lane 1 and 2 are the E. coli cell pellet obtained from cultures without and 
with IPTG, respectively; Lane 3 is the pre-stained SDS-PAGE molecular weight 
standards (Bio-rad, 310006667); Lane 4 and 5 are the precipitate and 
supernatant, respectively, of centrifugation from broken cells; Lane 6 and 7 are 
the precipitate and supernatant after heat-cut at 60°C; Lane 8 and 9 are the 
precipitate and supernatant after salt-cut; Lane 10 and 11 are the precipitate 
and supernatant after dialysis; Lane 12 is the pure MnSOD (from lab mate Ting 
Wang); (b) Fractions of Fe(Mn)SOD after DEAE-52 ion exchange 
chromatography. (c) Non-denaturing gel electrophoresis (18% acrylamide) 
stained by soaking in Coomassie Blue (left) and iron in-gel-assay61 buffer. 
 
  
Figure 2-2 Standard curve and EPR spectrum of Mn assay. 
Standard curve of EPR assay for Mn wherein the points are the signal amplitude 
determined from the peak-to-trough height of the third hyperfine line (inset 
plot). 
1       2        3         4          5          6          7       8        9      10 
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Figure 2-3 Non-denaturing polyacrylamide (18%) gel electrophoresis of 
Fe(Mn)SOD. 
(a) Comparison of activity vs. protein content determined for two halves of the 
same gel cut in half, soaked in NBT buffer (left half) and Coomassie Blue (right 
half) and displayed as mirror images; Lane 1 was pure MnSOD from a lab mate 
(Ting Wang); Lane 2 and 3 were Fe(Mn)SOD overexpressed under aerobic 
growth conditions but purified by different methods; Lane 4 and 5 were 
Fe(Mn)SOD overexpressed under anaerobic growth condition purified by 
different methods. (b) Comparison of protein content vs. Fe content for two 
halves of the same gel cut in half, soaked in Coomassie Blue (left half) and iron 
detecting buffer (right half) and displayed as mirror images; Lane 1 and 2 were 
Fe(Mn)SOD overexpressed in vivo by supplemented Fe-NTA and Mn-NTA in LB 
media.  
2.3.2 Spectroscopic characterizations of Fe(Mn)SOD 
The UV-Vis absorption spectra of Fe(Mn)SOD and FeSOD were shown in 
Figure 2-4a for comparison, and both agree well with the earlier published 
work23,33,63. It could be seen the Fe(Mn)SOD lacked the distinguishing peak at 
~350 nm that is a characteristic of Fe3+SOD 52. It also lacks the broad resonance 
at 478 nm that characterizes Mn3+SOD.   
migration direction 
2        1           1         2    
migration direction 
1        2       3      4       5       5     4       3       2       1 
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Figure 2-4 UV-Vis and EPR spectra of Fe(Mn)SOD and FeSOD. 
UV-Vis (a) and EPR (b) spectra of Fe(Mn)SOD and FeSOD in 50mM potassium 
phosphate buffer, pH7.4. The inset plot in (b) showed the EPR spectra of three 
different trials. 
 
The EPR spectra shown in Figure 2-4b were also very consistent to the 
previous studies64,65, showing the signature of Fe3+ but not Mn2+. The native 
enzyme exhibited a typical rhombic signal (g = 4.99 – 3.48), which arises from 
the middle Kramer’s doublet (mS = 3/2) of a high-spin ferric iron23,36, and a 
weak resonance signal at g = 9.2 which is characteristic of mS = 1/2 66. The 
inset plot in Figure 2-4b compares three different preparations, which gave 
pretty good reproducibility. It should be pointed out that the signal of non active 
site Fe (NAS Fe) 23,67 at g’= 4.37 was very small, indicating that almost the Fe in 
our preparations is bound in the Fe(Mn)SOD active site via this our in vivo 
method.  
Azide and fluoride are substrate analogs that can bind to the active site 
Fe and give diagnostic absorption spectra. A comparison of our Fe(Mn)SOD 
optical signals in the presence of substrate analogs is shown in Figure 2-5a. At 
neutral pH, azide binding produces a strong optical absorption near 400 nm63 
(Figure 2-5a inset). The sample becomes visibly yellow because of this azide-
Fe3+ ligand-to-metal charge transfer. Titration of the binding of azide to 
Fe3+(Mn)SOD provides a Kd of 0.3 mM, as shown in Figure 2-5b that is also in 
a b 
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good agreement of the literature (0.3 mM)36. Binding of azide to Mn3+SOD has 
also been characterized in previous work68 and produces a strong CT band at 
449 nm. No such band was observed. 
  
Figure 2-5 Azide binding spectra of Fe(Mn)SOD. 
(a) The difference of Fe(Mn)SOD absorption of azide titration. The inset shows 
the overall spectra before and after azide binding. (b) Azide binding curve and 
the fitting line. 
 
 The pH dependence of Fe(Mn)SOD was also documented to characterize 
our in vivo-generated Fe(Mn)SOD since Fe(Mn)SOD has been found to have a 
much higher hydroxide binding affinity associated with a pK ≈ 6.663 as opposed 
to the pK of 9.0 that characterizes FeSOD. The spectra of our Fe(Mn)SOD at low- 
and high-pH, shown in Figure 2-6, agree well with those in the literature and the 
difference of the absorption at 370 nm provides a similar OH- binding curve. 
The pKa at 6.5 is also consistent with previous studies.  
  
a b 
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Figure 2-6 The effect of pH changes on the UV-Vis absorption of Fe(Mn)SOD. 
2.4 Conclusion 
The in vivo method we proposed generates Fe(Mn)SOD with less risk of 
structural perturbation by the denaturation and refolding process previously 
used1,24,63. The capture of iron binding outside the active site is also diminished 
as indicated by the EPR spectra. Even though MnSOD and apoprotein may also 
exist owing to the imperfect iron to dimer ratio, they only account for a small 
portion and should not have big effects on the properties of the preparation. All 
characterizations including EPR spectrum, azide Kd and pH titration, agree very 
well to the previous results for Fe(Mn)SOD, indicating the success of our 
enzyme expression and purification.  
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Chapter 3 Characterization of hydrogen peroxide treated Fe(Mn)SOD and 
FeSOD 
3.1 Introduction 
Superoxide dismutases (SOD) catalyze the disproportionation of 
superoxide radical (O2-), one type of reactive oxygen species (ROS) in aerobic 
organisms. There are three types of SOD based the protein fold and the identity of 
the metal ion involved in catalysis. One type of SOD employs nickel, another uses 
binuclear copper/zinc, and the third utilizes either iron or manganese in the 
active site. Although the third family includes SODs that harbor either iron 
(FeSOD) or manganese (MnSOD), the proteins are homologous based on their 
similar amino acid sequences, structures and active site geometries20. However, 
MnSOD, but not FeSOD, is the major active antioxidant enzyme in human 
mitochondria26,27. Studies on cancer have demonstrated that the loss of MnSOD 
and accumulation of superoxide radicals are common features of tumor cells69. 
Many cancer cells show abnormal MnSOD protein expression or catalytic activity. 
St. Clair and coworkers28 proposed that imperfect MnSOD synthesis may occur 
due to gene mutation, short and immature mRNA transcripts or inappropriate 
metal incorporation. Studies on genetic regulation have indicated that the 
mitochondrial p53 gene is responsible for suppression of MnSOD70,71. 
Incorporation of the wrong metal ion into the active site results not only in 
inactive enzyme but also further damage as a result of reactive radical formation.  
 Recently, Yamakura 1 proposed that iron-substituted human manganese 
superoxide dismutase (Fe(Mn)SOD) possesses a radical-generating activity 
against 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS) in the presence 
of H2O2. This improper metal incorporation could occur in vivo since iron can 
compete with manganese for the metal binding site of the MnSOD polypeptide 
chains32,34. Studies have shown that when mitochondrial iron homeostasis is 
disrupted or when cells are short of manganese, iron accumulates and binds to 
MnSOD protein 29,30. Thus, mismetallation might cause not only inactivation of 
MnSOD but also exacerbation of oxidative stress.  
 
 18 
 The mechanism of radical formation by Fe(Mn)SOD and H2O2 is unknown 
and complicated since FeSOD and MnSOD have different responces to peroxide 
treatment. FeSOD is reduced and inactivated by H2O2 43-45, whereas MnSOD is 
generally resistant46,47. In the current study, we find that Fe(Mn)SOD is able to 
react with H2O2 in the absence of ABTS. The results indicated that the mechanism 
of this reaction is not identical to that of FeSOD. The initiation of the reaction 
might not be result from Fe3+ reduction since no Fe3+ signal is lost based on both 
optical and EPR spectra. Fluorescence spectroscopy and circular dichroism 
indicate that tryptophan residues are modified and local secondary structure of 
the enzyme is lost because of the radicals formed.  
3.2 Materials and methods 
 Escherichia coli by carrying a plasmid-borne MnSOD gene pAK0/Ox326A 
were grown in LB medium supplemented with 50µg/mL kanamycin and 
ampicillin. To obtain Fe(Mn)SOD, ferrous nitrilotracetate (FeNTA) was added to a 
final concentration of 35 µM when the optical density at 600 nm reached roughly 
0.6. Fe(Mn)SOD was purified essentially as previously described52 with some 
modifications. The streptomycin sulfate treatment and CM column equilibration 
were skipped. The supernatant after ammonium sulfate cut directly run onto the 
G25 column, followed by dialysis against 5 mM potassium phosphate buffer at pH 
7.4 for 12 h. The precipitate, if present, was removed by centrifugation at 18000 
rpm before passing over the DE52 resin.  
 The concentration of Fe(Mn)SOD dimer 72 and ferric iron52 were 
determined by the absorbance at 280 nm (280 = 9.19E4 M-1cm-1/dimer) and 350 
nm (280 = 1850 M-1cm-1/dimer), respectively. The ferrozine assay 62 was used to 
determine the total iron concentration (Fe2+ and Fe3+). Our preparations had 1.54 
 0.18 equivalents of iron per dimer by this method.  
 Fe(Mn)SOD at 87.4 µM in 50 mM potassium phosphate buffer (pH7.4) was 
exposed to different concentrations of H2O2 (from 2.4 mM to 50.1 mM) at 25 C. 
Changes in the UV-Vis spectra upon H2O2 treatment were determined at various 
times using the Cary 300- Bio UV-Visible spectrophotometer. The samples of 
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SODs treated with the different H2O2 concentrations were stored at 4C before 
electrophoresis and other analyses, performed within 13 days. 
 Electrophoresis under non-denaturing conditions 53 was used to monitor 
the different forms of SOD present and assess the formation of fragments, since 
this method can distinguish FeSOD, Fe(Mn)SOD, MnSOD and apo-MnSOD from 
one-another. Gels were stained for protein with Coomassie blue G-250.   
 The coordination geometry of ferric iron in the active site was 
characterized by EPR using a Bruker 300MX spectrometer. EPR spectra were 
collected at 9.32 GHz at 130 K, with 200 mW nominal microwave power, 10 G 
modulation amplitude. EPR spectra were collected of the same samples of H2O2-
treated Fe(Mn)SOD as were used for UV-Vis measurements, to characterize the 
time course of reactions. 100 µL aliquots were mixed with equal volume of 
glycerol and frozen in liquid N2. 
 Circular Dichroism (CD) was used to monitor secondary structure and 
tryptophan residues of Fe(Mn)SOD, to learn what changes occured upon H2O2 
treatment. All CD spectra were acquired on a Jasco J-815 spectrometer with a 1 
mm path length quartz cuvette. Proteins were dissolved to a concentration of 4 
µM in 50 mM phosphate buffer at pH 7.4. Wavelength scans were conducted 
using a 0.5 nm step size and a speed of 2 nm/s from 190 to 260 nm. Background 
scans without enzymes were also obtained and subtracted from the wavelength 
scans prior to converting millidegrees to mean per-residue ellipticity (). 
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3.3 Results 
Reaction between Fe(Mn)SOD and H2O2 
  
 
Figure 3-1 UV-Vis spectra of Fe(Mn)SOD upon H2O2 treatment. 
(a) The time-dependent difference spectra of Fe(Mn)SOD's UV-Visible signal upon 
H2O2 treatment. The active site [Fe] =1 mM in 50 mM potassium phosphate buffer, 
pH7.4, and the H2O2 concentration was 59.7 mM. The reaction was conducted in a 
2mm path length cuvette and the t=0 spectrum was subtracted from each spectrum 
for the main panel. Aliquots were taken at different times to prepare EPR samples. 
The inset plots the observed spectra at 5 min (red), 10 min (blue), 15 min (hot pink), 
25 min (green), and 40 min (orange), respectively. (b) The time-dependence change 
of absorbance at 350 nm treated with different amount of H2O2. Protein dimer is 
87.4 µM in 1 cm path length cuvette. (c) The initial rate of Fe(Mn)SOD exposing to 
different H2O2 concentration. 
 
 Fe(Mn)SOD enzyme overexpressed from E. coli at pH 7.4 displays a 
characteristic absorbance extending to 450 nm but lacking the distinct maximum 
absorption at 350 nm of FeSOD 52. The optical spectrum of Fe(Mn)SOD grew in 
a b 
c 
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amplitude and developed a new feature at 315 nm and a broad maximum 
centered near 485 nm upon H2O2 treatment, as illustrated in Figure 3-1a for 
spectra collected as a function of time. The feature at 315 nm is attributable to the 
oxidation of tryptophan residues 73,74. The shoulder peak at ~500 nm has never 
reported for H2O2-treated FeSOD or Cu,ZnSOD. However similar absorption at 
520 nm was reported 66,75 for Fe3+-EDTA upon addition of H2O2 and was ascribed 
to a peroxide-to-iron ligand-to-metal charge transfer (LMCT) transition. It can be 
seen from Figure 3-1b that the rate of growth of the signal at 350 nm depends on 
the H2O2 on concentration. The more H2O2 was added, the faster the peak grew. 
The rate vs. [H2O2] is added in Figure 3-1c. It looked like first order reaction in 
H2O2 except a poor R square value. That’s because of the formation of oxygen gas 
during the reaction. The increased H2O2 concentration produced more oxygen gas. 
When the O2 concentration was above the solubility, oxygen bubbles were seen 
coming out from the solution. The absorptions were less accurate owing to the 
impact bubbles.  
 
Protein secondary structure change based on Circular Dichroism 
 
To determine whether exposure to H2O2 brought about a change in the 
secondary structure of Fe(Mn)SOD, far-UV CD (240 – 190 nm) was used 76 and 
the spectra were shown in Figure 3-2. The native enzyme displayed typical 
absorption for -helices 77-79, indicated by the negative ellipticity at 227 and 208 
nm, and positive ellipticity at 193 nm. Upon H2O2 treatment, the absolute 
ellipticities at 193, 208 and 227nm all decreased indicating a loss of -helices.  A 
shift in the maximum from 208 nm shifted to 204 nm accompanied the increased 
ratio of ellipticities at 208 and 227 nm as the concentration of H2O2 used 
increased. Previous work found that a shift from 208 nm to higher frequencies 
was associated with destabilization of -helices, probably because of the 
formation of shorter peptide chains 80.  
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Figure 3-2 Circular Dichroism spectra of Fe(Mn)SOD treated with different 
concentration of H2O2. 
Far-UV (a) and near-UV (b) CD spectra of Fe(Mn)SOD treated with different 
concentration of H2O2. Samples contained ~4µM and 80µM protein dimer for far- 
and near-UV measurement, respectively, in 50mM potassium phosphate buffer, 
pH7.4 at 25 C. 
 
The CD in the near-UV region of protein spectra arises from aromatic side 
chains (phenylananine, tyrosine, and tryptophan) and disulfide bonds 81,82 and 
provides very useful information on changes in the environment nearby. As 
shown in Figure 3-2b, the ellipticity around 280 nm, which is characteristic of Trp 
side chains 83, was obviously lost upon H2O2 treatment. Both far- and near-UV CD 
observations suggest that the modification and probably loss of Trp residues 
upon exposure to H2O2, leads to the formation of less stable -helices 79.  
 In contrast, H2O2-treated FeSOD exhibited negligible change to its CD 
spectra in response to treatment with H2O2, as indicated in Figure 4-2. This is 
evidence that FeSOD undergoes more subtle modification upon H2O2 treatment 
compared to changes affecting Fe(Mn)SOD, which is consistent to Yamakura’s 
results 44. He found that the H2O2-treated FeSOD exhibited similar spectra to the 
native enzyme using far-UV CD, concluding that H2O2 might modify the amino 
acid residues but not change the gross conformational. 
 
 
 
a b 
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Large-scale structural changes affecting electrophoretic mobility 
  
Figure 3-3 Native gel electrophoresis of Fe(Mn)SOD samples treated with different 
amounts of H2O2. 
(a) Native gel electrophoresis of Fe(Mn)SOD samples treated with different 
amounts of H2O2. The concentration of each sample was listed on top of the gel 
from 0 to 50.1 mM. Each lane contained ~12 µg of protein.  The gel was 18% 
acrylamide and was stained with Coomassie Blue R-250. (b) Comparison of 
protein content vs. Fe content for halves of the same native gel cut in half soaked 
in Coomassie Blue (left half) and iron detecting buffer (right half) and displayed 
as mirror images; Lane 1 and 2 were Fe(Mn)SOD overexpressed under anaerobic 
and aerobic growth conditions.   
 
 Non-denaturing electrophoresis has been used to resolve SOD species 
containing different stoichiometries and identities of metal ions58,59,61.  It has also 
been used to distinguish different oligomeric states of proteins. Fe(Mn)SOD is 
seen to comprise two populations, based on non-denaturing electrophoresis,  The 
faster migrating band corresponds to Fe-containing protein as shown in Figure 3-
3b whereas the more slowly migrating band corresponds to apoprotein or Mn-
bound protein32,34,38. Upon H2O2 treatment, we found that the lower band 
disappeared before the upper band and a new species was formed in concert with 
loss of the lower band, as exhibited in Figure 3-3a. The new band was only 
formed at intermediate concentrations of H2O2 and was replaced by a diffuse 
smear of protein migrating somewhat faster than the main bands, upon 
treatment with higher concentrations. The reason for this is not clear and it might 
due the high tendency of diffusion of the produced reactive intermediate. 
migration direction 
1        2            2        1 
0     2.4    5.5     8.0  13.5   17.1  20.7  25.1  38.5  50.1               
H2O2 concentration 
a 
b 
 
 24 
Yamakura 44 studied the mobility of H2O2-inactivated FeSOD from Pseudomonas 
and the polyacrylamide gel electrophoresis displayed some minor slower-moving 
protein bands with no change in the mobility of the major protein bands. He 
proposed that inactivated FeSOD only underwent only subtle changes in some 
amino acid residues and did not suffer gross conformational change.  
 
Tryptophan Fluorescence 
  
Figure 3-4 Fluorescence emission spectra of recorded for Fe(Mn)SOD treated by 
different H2O2 concentration. 
Samples contained ~4 µM protein in 50 mM potassium phosphate buffer, pH 7.4 at 
25 C and excited at 295 nm. (b) Influence of hydrogen peroxide concentration on 
the tryptophan fluorescence of Fe(Mn)SOD and FeSOD. Relative fluorescence 
intensity is taken by dividing individual fluorescence to those of native protein. 
 
Tryptophan fluorescence is a sensitive probe for detecting changes in the local 
environment surrounding the indole ring 84,85. The emission spectra of Fe(Mn)SOD 
treated with H2O2 are shown in Figure 3-4a. It can be seen from Figure 3-4b that at 
low H2O2 concentrations, the fluorescence was lost as we expected86, indicating that 
Trp residues are modified. However, when higher H2O2 concentrations were used 
the fluorescence increased. Considering the many factors that govern quenching of 
protein fluorescence, we propose that the increase in fluorescence might be 
attributable to diminished quenching by Fe upon Fe's release by the peroxide 
treatment. It has been shown that binding of Fe resulted strong quenching of 
fluorescence 87-90. The iron in-gel electrophoresis61 (shown in Figure 4-7) did indeed 
indicate that more Fe was lost as the concentration of H2O2 was increased.  
 
 
 
 
 
a b 
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Effect of H2O2 treatment on the Fe site, based on EPR spectra of Fe(Mn)SOD 
  
Figure 3-5 Effect of duration of treatment on EPR spectra of Fe(Mn)SOD and FeSOD 
upon treatment with H2O2. 
EPR spectra of Fe(Mn)SOD (a) and FeSOD (b) upon treatment with 30 mM H2O2.  
Samples contained 0.5 mM Fe(Mn)SOD on the basis of active site Fe.  This was 
dissolved in in 50 mM potassium phosphate buffer, pH7.4.  At the stated time 100 μl 
of the SOD solution was removed from the reaction, augmented with 100 μL glycerol 
and frozen in liquid N2. Samples were observed at 130 K. The g’ values of 
predominant spectral signals are indicated. 
 
Studies of EPR spectra can provide information of the environment of the 
paramagnetic iron center in the active site of Fe(Mn)SOD64,65. The time course 
EPR spectra of H2O2-treated Fe(Mn)SOD are displayed in Figure 3-5. The native 
enzyme exhibited a typical rhombic signal (g = 4.99 – 3.48), which arisen from 
the middle Kramer’s doublet (Ms = 3/2) of a high-spin ferric iron23,36, and a 
weak resonance signal at g = 9.2 are characteristic of Ms = 1/2 66. It should be 
noted that the Fe(Mn)SOD prepared by our in vivo method contained small 
amount of non active site iron (NAS Fe) 23,67, indicated by the tiny signal at g = 4.3 
of native protein. The absence of NAS Fe minimized the effect of metal-derived 
contributions to our result.  
 Upon H2O2 treatment, the EPR signal of Fe(Mn)SOD exhibited a more 
rhombic symmetry (Figure 3-5a). As indicated by Figure 3-6a, there was 30-40% 
signal loss. Thus it appears that most of the Fe remains in the 3+ state. By 
comparison, more than 90% of the ferric ion in FeSOD was lost within ~1.2 min 
a b 
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and only a small amount of NAS Fe remained visible after exposure to H2O2,  
(Figure 3-5b). This demonstrates that FeSOD is rapidly reduced by H2O2 in 
agreement with the results of UV-Vis absorption studies 43,91. It also suggested 
that the reaction of H2O2 with Fe(Mn)SOD did not follow the same mechanism as 
the reaction with FeSOD. For Fe(Mn)SOD, the H2O2 treatment has a reversible 
effect only, as addition of azide (N3-) produces the same EPR signal after 12 
hours' reaction with H2O2 as is produced by addition of N3- to untreated 
Fe(Mn)SOD (Figure 4-4), displaying the same rhombic EPR signal 23,36 (g = 4.28) 
indicative of near-octahedral geometry and thus a six-coordinated Fe3+ complex.  
Moreover the presence of N3- is known to suppress effects of H2O2 on Fe(Mn)SOD 
suggesting that the form that interacts with the active site is most likely HO2-, 
which had low binding affinity compared to azide anion43. Thus we propose that 
the 'new' rhombic species that appears as early as 1.4 minutes into treatment 
does not represent Fe loss from the active site, but rather formation of a 6-
coordinate adduct of HO2- to Fe3+ in Fe(Mn)SOD. It’s also found that the addition 
of azide could affect the response of Fe(Mn)SOD to H2O2. As shown in Figure 4-8, 
small bleaching of SOD-N3 complex was seen in the UV-Vis spectra and no further 
decrease in 340nm because of Trp oxidation. The CD data also proved that 
structural changes were much less obvious in the presence of azide. The 
suppression dissolved oxygen generation by azide further indicated that azide is 
a more competitive binding analog than HO2- that will inhibit H2O2 reaction 
because of blocking the active site.  
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Figure 3-6 Double integration of EPR signal of Fe(Mn)SOD and FeSOD after H2O2 
treatment. 
(a) The high spin ferric EPR signal of Fe(Mn)SOD and FeSOD after H2O2 treatment as 
percentage of native protein. The amounts of ferric signal were obtained by double 
integration of the EPR spectra. (b) Comparison of radical production at g’ = 2 of 
H2O2-treated protein. The radical amounts were obtained by double integration.  
 
Direct observation of radical species formed upon exposure to H2O2 
 EPR signals of free radicals were evident at g = 2 for both H2O2 treated 
Fe(Mn)SOD and FeSOD.  This are most likely due to aromatic radicals on the basis 
of chemical stability arguments, since none of our samples were quenched 
rapidly, so only long-lived radicals could be trapped. However, our observation 
temperature makes it hard to identify the exactly type of radical and hyperfine 
structure 92,93, since Trp radicals are broadened upon freezing.  
 While both Fe(Mn)SOD and FeSOD exhibited radicals upon treatment with 
H2O2, both the quantity and time course were different. For FeSOD, the sample 
collected after 1.2 minutes of treatment displayed the maximum radical intensity 
(Figure 3-6b) and the radical concentration decayed rapidly thereafter. However, 
H2O2-treated Fe(Mn)SOD displayed a maximum concentration of radicals 15 
minutes into the treatment and a much slower decay time.  This indicates that 
either Fe(Mn)SOD sustains continuous radical production that compensates for 
radical decay, or the radicals have a longer life time.  
 
a b 
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3.4 Discussions 
 The peroxidase activities of Cu,ZnSOD and FeSOD have been well studied 
and the mechanisms substantially agreed-upon. It’s widely accepted that the 
initial step is fast reduction of Cu2+ or Fe3+ by HO2-, followed by reaction 
between Cu+ or Fe2+ and a second equivalent of HO2- generating a bound 
oxidant. Amino acid residues, especially Trp, Tyr or His, close to the metal active 
site were oxidized by this bound oxidant and the enzyme inactivated43,45,74,91,94-
99. Exogenous alternative substrates could also be oxidized instead of amino 
acid residues, and the presence of these sacrificial substrates protected the 
enzyme from inactivation 74,96. Large molecules with limited access to the 
oxidant were not oxidized, but when bicarbonate was present it was able to 
mediate their oxidation by acting as an intermediary diffusible radical oxidant 
100. It was therefore proposed that the peroxidase activities of Cu,ZnSOD and 
FeSOD were based on Fenton chemistry mediated by Cu2+ or Fe3+, respectively 
101,102. However, our results find that the protein context is very important too.  
Even though Fe3+ was bound in the active sites of both Fe(Mn)SOD and FeSOD, 
the reaction between Fe(Mn)SOD and H2O2 was very different from that of 
FeSOD, and the two systems appear to follow different mechanisms. 
 The UV-Visible spectra of H2O2–treated FeSOD shown in Figure 4-1a 
show that bleaching at 350 nm occurred immediately upon exposure to H2O2 
and indicate reduction of Fe3+ to Fe2+, followed by Trp oxidation. The reaction 
between H2O2 and Fe3+ is a 1:1 stoichiometric reaction according to previous 
observations 43,45,91 and only Fe3+ reduction was observed at low H2O2 
concentration, as shown in Figure 4-1b. Trp oxidation occurred probably at 
higher H2O2 concentration. In contrast, the Fe(Mn)SOD was not significantly 
reduced upon H2O2 treatment based on both the optical and EPR spectra.  
Instead it displayed a gradual increase in absorbance in 300–550 nm.   
 The growing peak at 315 nm was attributed to the oxidation of Trp 
residues, consistent with the fact that it occurred for both proteins. However, 
this oxidation rate depended on H2O2 concentration in the case of Fe(Mn)SOD. 
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For the FeSOD, this oxidation occurred rapidly for the first 1-2 minutes and then 
stopped. This was probably because of protein inactivation based on our data in 
Figure 3-6, and consistent with prior work 94,95.  
 Fe(Mn)SOD also appeared resistant to inactivation by H2O2 on the basis 
of SOD activity measured using the cytochrome C assay as well as the 
nitrobluetetrazolium photochemical method56 (Figure 4-5). However, these 
activities can be explained on the basis of the presence of Mn in some ~3% of 
the active sites as determined by the EPR manganese assay. The presence of 
MnSOD was very difficult to avoid due to the in vivo competition between Fe 
and Mn32,33.  Since MnSOD is known to be resistant to H2O2 45 the retained 
activity is simply a reflection of this population present in our preparations of 
Fe(Mn)SOD, and has a very small contribution to our results due to the small 
magnitude of this contamination and the fact that it is known to not undergo 
changes upon treatment with H2O2. Similarly, the EPR signals we observe are 
due exclusively to Fe and therefore are not subject to complication by Mn-
containing sites. Our finding that no Fe3+ reduction occurred in H2O2-treated 
Fe(Mn)SOD based on UV-Vis spectra was consistent with the EPR spectra. 
 The EPR spectra also revealed a change in the coordination environment 
of Fe3+. Because the change was fully reversible we conclude that Fe was not 
released from the active site.  Thus our data demonstrate that active site Fe3+ 
becomes six-coordinate, which is most simply interpreted as formation of a 
complex with H2O2 bound to Fe3+, as the Fe3+ became more rhombic without 
obvious loss of high spin ferric iron signal overall. In comparison, the EPR 
spectrum of FeSOD lost most of its high spin iron signal and the residual signal 
can be attributed to the NAS Fe. The fundamental difference between the 
reactions of the Fe ions of Fe(Mn)SOD and FeSOD is consistent with their 
different reduction potentials. The lower potential of Fe(Mn)SOD makes it more 
difficult to reduce, and our results indicate that indeed H2O2 is unable to do so.  
Any reactions that follow must therefore be interpreted as the result of 
chemistry that does not follow the canonical Fenton mechanisms, since there 
rely on the presence of reduced metal ion as an electron donor to H2O2. 
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 The effect of H2O2 treatment on secondary structure of the protein was 
also studied by CD spectroscopy. As indicated in Figure 4-2, the secondary 
structure of H2O2-exposed FeSOD was retained and in good agreement with 
previous results44,45. This was different from those of H2O2-treated Fe(Mn)SOD, 
which not only displayed loss of near-UV Trp signal, but also changes of -
helices in far-UV region.  
 The mechanism of H2O2 inactivated FeSOD has been widely studied even 
though clarified yet. One of the most popular hypotheses is that the present of 
Trp residue contributes to the enzyme inactivation. The lost of Trp at some 
exact sites leads to the resistance of H2O2 35,86,103. The significance of Trp 
residues has been well accepted not only for H2O2-treated FeSOD but also for 
Cu, Zn-SOD. However, the exact site of the functional Trp is not consistent. Some 
proposed that the Trp near the active site is accountable for the inactivation 
while some assume the Trp on the protein surface is involved 74. Another more 
reasonable explanation is that the reaction of H2O2 and Fe at the active site 
generates a highly active oxidant. This reactive species, probably OH• will 
oxidize the Trp residues near the active site, or oxidize the external substrate 
with the help of bicarbonate diffusion.  
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Chapter 4 Supporting Information: Characterization of hydrogen peroxide 
treated Fe(Mn)SOD and FeSOD 
 
  
Figure 4-1 The time-dependent UV-Visible spectra of FeSOD upon H2O2 treatment. 
(a) The active site [Fe] =1 mM in 50 mM potassium phosphate buffer, pH7.4, and the 
H2O2 concentration is 59.7 mM. The reaction was conducted in a 2 mm path length 
cuvette. Aliquots were taken at different times to prepare EPR samples. (b) Sample 
contained 87.4 µM protein (dimer) and 0.24 mM H2O2. The reaction was running in 
1 cm path length cuvette. 
 
  
Figure 4-2 Circular Dichroism spectra of FeSOD treated with different concentration 
of H2O2. 
Samples contained ~4 µM and 80 µM protein dimer for far- and near-UV 
measurement, respectively, in 50 mM potassium phosphate buffer, pH7.4 at 25 C. 
 
a b 
a b 
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Figure 4-3 Fluorescence emission spectra recorded for FeSOD treated by different 
hydrogen peroxide concentration. 
Samples contained ~4 µM protein in 50 mM potassium phosphate buffer, pH 7.4 at 
25 C and excited at 295 nm. 
 
 
Figure 4-4 The effect of azide binding on the EPR spectra of Fe(Mn)SOD active site. 
The protein pretreated with H2O2 for 12 h before binding to azide was shown in red 
and the protein bound to azide before H2O2 treatment for 12 h. Samples contained 
0.5 mM active site Fe in 50 mM potassium phosphate buffer, pH7.4 at 130 K and 
glycerol was added to a final concentration of 50% v/v. The concentration of 
hydrogen peroxide and sodium azide were 29.7 and 5 mM, respectively. 
 
 
 
 
 33 
  
Figure 4-5 Activities of H2O2-treated Fe(Mn)SOD. 
(a) Residual activity of Cytochrom C Assay of individual sample exposed to different 
H2O2 concentration compared to native enzyme. (b) Non-denaturing gel soaked in 
NBT buffer. 
 
 
 
 
 
 
 
Figure 4-6 Non-denaturing gel of FeSOD protein treated with different amount of 
H2O2. 
Left panel was soaked in NBT buffer and right panel was in Coomssie Blue R-250. 
The concentrations of H2O2 were listed on top of the gel. 
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Figure 4-7 Iron-in-gel assay for Fe(Mn)SOD treated with different concentration of 
H2O2. 
The concentrations of H2O2 were listed on top of the gel. 
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Figure 4-8 The effect of azide binding on Fe(Mn)SOD upon H2O2 treatment. 
(a) The UV-Visible spectra of native Fe(Mn)SOD, SOD-N3 complex, and SOD-N3 
treated by 50.1 mM H2O2 at t = 0 and t = 21 min. Sample contained 69.7 µM protein 
(Fe active site) and azide concentration was 0.47 mM. (b) The production of 
dissolved oxygen upon 0.75 mM H2O2 treatment with and without aziding. The 
Fe(Mn)SOD dimer and azide concentrations were 11.2 µM and 100 µM. Far UV (c) 
and near UV (d) CD spectra of Fe(Mn)SOD treated with different concentration of 
H2O2 in the presence of azide. Samples contained ~4 µM and 80 µM protein dimer 
for far- and near-UV measurement, respectively, in 50 mM potassium phosphate 
buffer, pH7.4 at 25C. The azide concentration was 23.5 µM. 
 
 
 
  
a b 
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Chapter 5 Chapter four: Peroxidase Activity Comparison between 
Fe(Mn)SOD and FeSOD based on ABTS and Amplex Red Assays  
5.1 Introduction 
It has been a long time since the proposed peroxidase activity of Cu, Zn-
SOD and the studies of its mechanism were reviewed by Fridovich in 201097,98. 
A classic mechanism proposed that a fast reversible reduction of Cu(II) to Cu(I) 
by HO2- (active species of H2O2) generated a bound oxidant, probably SOD-
Cu(II)-OH, or SOD-Cu(III), or SOD-Cu(I)-HO2-. Small substrates that had access to 
the solvent channel, or the amino acid residues close to the active site could be 
oxidized104-106. Large substrate molecules could be oxidized in the presence of 
HCO3- /CO2, as carbonate radical (CO3•-) could be formed in the active site and 
diffuse into the bulk solution where it could oxidize other species74,99,107. In 
contrast, if Cu, Zn-SOD's own amino acid residues were oxidized by the active 
site oxidant, the enzyme was inactivated and Cu could be released into solution 
where it could catalyze other oxidative reactions.  However the presence of 
superoxide analogs, such as azide, could protect the protein from deactivation, 
indicating that HO2- must gain access to a site in Cu's coordination sphere in 
order to react.  
FeSOD was also found to react with H2O2, becoming inactivated. The 
mechanism is not as clear as in the case of Cu, Zn-SOD but is believed to follow 
the same general sequence of events based on the results as follows. Initially, 
Fe(III) is rapidly reduced to Fe(II) by H2O2, then the Fe(II) reacts with H2O2 
yielding an oxidant that would oxidize the amino acid residues and deactivate 
the protein43-45,86,91,95. However, the oxidation of alternate substrates by the 
oxidant of FeSOD has not been reported. 
        
         
      
            
                           
In last chapter, H2O2-treated Fe(Mn)SOD was demonstrated to react 
different with H2O2 than compared to FeSOD, in not undergoing metal ion 
reduction, but instead displaying altered active site coordination geometry and 
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secondary structure. However, FeSOD and Fe(Mn)SOD did have similar features 
such as the formation of a radical intermediate and its capabilities to oxidize 
amino acid residues.  
As proposed by the peroxidative mechanism of Cu, Zn-SOD, the presence 
of alternative substrates could be oxidized instead of amino acid residues. In 
Yamakura’s paper1, the possible toxicity of Fe(Mn)SOD was demonstrated via 
the ABTS assay and it was hypothesized that the fact that Fe(Mn)SOD could 
oxidize ABTS should be interpreted as evidence that it could generate hydroxide 
radical (OH•), which was proposed to be  the active species that reacted with 
ABTS. However, there was not strong evidence for OH• formation and the 
mechanism of oxidation of ABTS by Fe(Mn)SOD remains opaque. As part of our 
investigation of the mechanism of reaction between H2O2 and Fe(Mn)SOD, we 
now seek to clarify events leading to the oxidation of ABTS by Fe(Mn)SOD.  
5.2 ABTS assay 
2,2’-azinobis-(3-ethylenzthiazoline-6-sulfate) (ABTS) is a useful 
chromogenic probe because it is converted to an intense green chromophore 
upon reaction with one-electron oxidants. ABTS is widely used for assaying 
peroxidases108-110 because it can serve as the sacrificial electron donor and the 
resulting product is easily quantified based on its absorbance with broad 
maxima at 415, 650 and 732 nm 111,112.  The structure of ABTS•+ is shown in 
Figure 5-1. The absorbance at 415 nm was the strongest one, with an extinction 
coefficient of 36 mM-1cm-1100. Similarly, OH• was proposed to react with ABTS to 
generate a relatively stable ABTS•+ in a diffusion-controlled reaction, based on 
pulse-radiolysis113.  Recent studies also proved that not just OH• but also many 
other powerful oxidants such as Fe (VI) and other enzyme intermediates could 
oxidize ABTS to the chromophoric cation radical114,115.  
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Figure 5-1 Structures of ABTS and ABTS•+.  
5.2.1 Materials and experiment  
ABTS was obtained from Sigma Co. (30931-67-0) and 35% aqueous 
solution of hydrogen peroxide (H2O2) was obtained from Mallinckrodt 
Chemicals. The deionized (DI) water used in all the experiments was purified 
using a Millipore Milli-Q Plus System. ABTS was dissolved in deionized water to 
make 0.1 M stock solution and then stored at 4C in the dark using Amber 
tube111. The concentration of ABTS solution was determined using a 5000-fold 
dilution at 340 nm (340 = 36.6 mM-1cm-1100) by UV-Vis spectroscopy. The 
spectra of ABTS and ABTS•+ after oxidation by enzyme were shown in Figure 4-
1. EDTA solution was added to bind to metal cations with a final concentration 
of 0.2mM as suggested in Yamakura’s work1. Fe(Mn)SOD was diluted in 50 mM 
potassium phosphate buffer, pH7.4 to the desired concentration, which was 
confirmed based on the A280 (280 = 91.9 mM-1cm-1).  
The general experimental procedure was as follows: Fe(Mn)SOD solution 
was prepared in 50 mM potassium phosphate pH7.4 buffer to a final 
concentration of 9.98 µM and stored at 4C. 1 ml enzyme solution was added to 
a cuvette (1cm path length), following by adding 20µL ABTS and 40µL EDTA 
stocks. The reaction was initiated by addition of H2O2 and the A415 was 
monitored continuously using a Cary 60 spectrophotometer in Kinetics mode. 
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5.2.2 Results and Discussions 
The control experiments shown in Figure 5-2b indicated that the 
presence of enzyme, H2O2 and ABTS are necessary for the ABTS chromogenic 
assay. The growing absorption at 415nm reflected the generation of green-
colored ABTS•+. The UV-Vis spectra of ABTS•+ were shown in the inset plot of 
Figure 5-2a. The data in Figure 5-1a show that the rate of formation of ABTS•+ 
increased with increasing H2O2 concentration. However it is seen that there was 
a lag period between initiation of the reaction and product formation, likely 
reflecting accumulation of a reaction intermediate110. The “back reaction” of 
ABTS•+ to regenerate ABTS also contributed to the later part of the time course 
produced by 30 mM H2O2 at ~10min. For the lower peroxide concentrations, a 
longer time might be needed to observe this back reaction. Given the slow 
reaction and the presence of a back reaction, accurate determination of the 
stoichiometry between H2O2 and ABTS has been difficult110. Kadnikova116 
proposed the equation below to describe the decay of ABTS•+ even though this 
reaction was far from clearly studied. 
         
 
 
           
 
 
     
  
However, H2O2 -treated FeSOD had completely different ABTS activity as 
shown in Figure 4.2b and ABTS•+ decay was observed at only select high 
peroxide concentrations. At high H2O2 concentration, the initial rate of ABTS•+ 
formation was higher but the maximal amount was lower, due to an accelerated 
radical decay rate. In Yamakura’s paper, FeSOD was used as a negative control 
proving that FeSOD lacks ABTS activity. Our data suggested that FeSOD still 
exerts some ABTS activity, which is just too fast to monitor by normal UV-Vis 
absorption.  
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Figure 5-2 UV-Vis spectra of ABTS and ABTS•+. 
(a) UV-Vis spectra of ABTS and ABTS•+ after H2O2 treatment. The inset plot 
displays the change of ABTS•+ spectra as a function of increasing time. (b) 
Control experiments for the ABTS assay. The time-dependent change of 
absorbance at 415nm is shown. 
 
 
 
a 
b 
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Figure 5-3 The time-dependence change of the ABTS•+. 
The time-dependence of the ABTS•+ concentration in the presence of 
Fe(Mn)SOD (a) and FeSOD (b)  and various concentrations of H2O2. 
5.3 Amplex Red assay 
To test for the possibility that our results were specific to ABTS, we also 
tested for peroxidase activity using a different commonly-used chromophoric 
peroxidase substrate: Amplex red. Amplex red is converted from a 
colorless/non-fluorescing compound to an intensely colored fluorescing 
complex, resorufin, by the action of peroxidases such as horseradish peroxidase 
(HRP) in the presence of H2O2.  The resorufin concentration is measured at 571 
nm (571 = 55 mM-1cm-1) 117. As in the case of ABTS+•, resorufin is also a 
a 
b 
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substrate for peroxidases and is converted to a colorless/nonfluorescing 
molecule. The accepted mechanism of amplex red oxidation by HRP involves 
initial oxidization of Fe3+ by H2O2 to compound I, which is a highly reactive oxo-
ferryl (FeIV = O) moiety in conjunction with a porphyrin radical. Compound I 
then oxidizes two equivalents of substrates such as ABTS or Amplex red as it 
reverts to the ferric form via another intermediate, compound II, in two one-
electron steps.  
             
Figure 5-4 The structure and UV-Vis spectra of Amplex Red and Resorufin. 
 
a b 
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Figure 5-5 The time-dependence of Resorufin production. 
The time-dependence of Resorufin concentration produced by the reaction of H2O2 
with Fe(Mn)SOD (a) and FeSOD (b). 
 
The spectrum of resorufin is shown in Figure 5-4b and displays a distinct 
peak at 572 nm. As the H2O2 concentration increases, the formation rate and 
yield of resorufin grew up to a maximum produced by 35.1 mM H2O2 as 
illustrated in Figure 5-5a. After that, the yields of resorufin were lessened, 
probably because of the consumption resorufin, which also serves as a 
peroxidase substrate when [H2O2] > [amplex red] 117. The amplex red oxidizing 
activity of FeSOD is shown in Figure 5-5b and was unexpectedly low compared 
to that of Fe(Mn)SOD. At high H2O2 concentrations, the initial rate increased as 
a 
b 
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we expected, along with the maximal yield, however the maximal yield was 
much lower than in Fe(Mn)SOD. It was found that resorufin formation occurred 
within the dead time of the absorption measurement illustrated by the initial 
resorufin concentration at t=0. A similar observation was made with ABTS, 
indicating that the initial reaction with FeSOD in the presence of H2O2 is much 
faster than in the case of Fe(Mn)SOD, as illustrated by Figure 5-6. Related to the 
UV-Vis and EPR data in Chapter 3, we proposed that this fast reaction includes 
Fe3+ reduction by H2O2, which could then generate some highly reactive species 
that can oxidize ABTS and Amplex Red. However, we still cannot explain the 
difference between ABTS and Amplex Red activities.  
Recent reports of Amplex Red autooxidation upon exposure to light in 
the absence of H2O2 and HPR raise concerns about the interpretation of our data 
118,119 since the time dependences were monitored with cuvettes in a 
spectrophotometer. Trace amount of resorufin present in Amplex Red stock 
solution would initiate the self-oxidation reaction. The addition of active Cu,Zn-
SOD that catalyzes the conversion of superoxide radical to H2O2 and O2 
dramatically increased the oxidation of Amplex Red 118,119. Therefore the 
authors proposed that illumination of amplex red resulted in formation of 
superoxide and that the increased formation of H2O2 from dismutation of O2•- by 
SOD accounted for the oxidation of amplex red118.  
MnSOD-meidated peroxidase activity was reported based on the Amplex 
Red assay120-122. Formation of resorufin escalated with increased H2O2 
concentration due to some kind of oxidative modification of the enzyme120-122. 
However, these conclusions were challenged by Liochev and Fridovich123, who 
suggested that the autooxidation of Amplex Red rather than MnSOD peroxidase 
activity contributed to their observations. 
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Figure 5-6 Comparison of resorufin production by Fe(Mn)SOD and FeSOD in the 
presence of H2O2. 
5.4 O2 production and H2O2 consumption 
An abundance of bubbles was generated when Fe(Mn)SOD was exposed 
to H2O2. The most reasonable explanation was that oxygen gas was formed 
during the catalase reaction or the disproportion reaction of O2•-/HO2•-. To 
study the O2 formation and H2O2 consumption, an oxygen electrode was used to 
monitor the change of O2 and H2O2 concentrations in the solution. 
Potassium phosphate buffer was degased in a glovebox by stirring 
overnight to remove most of the dissolved oxygen gas, to generate anaerobic 
buffer. Fe(Mn)SOD was diluted with anaerobic buffer and the concentration was 
determined by absorption at 280 nm. The H2O2 concentration was obtained by a 
1000-fold dilution of the 30% stock solution and determination of the 
concentration via the absorption at 240 nm (240 = 34.6 mM-1cm-1). All the 
materials needed for the assay were moved into the glovebag, whose opening 
was then sealed. The glovebag was then exhausted by a vacuum pump to 
remove the air (shown in Figure 5-7) followed by refilling with Argon. Three 
cycles were performed and the glovebag was kept under Argon atmosphere for 
measurements. The change in the dissolved oxygen (DO) concentration in the 
anaerobic buffer was found to remain less than 10 µM after a day in the glove 
bag so prepared. The DO concentration of the Fe(Mn)SOD plus H2O2 solution 
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increased with time and depended on the H2O2 concentration as shown in 
Figure 5-9. For similar solutions lacking only Fe(Mn)SOD, there was almost no 
change in DO. 
 
    
 
Figure 5-7 Photos of the experimental setup for dissolved O2 measurements in the 
glovebag. 
 
The concentrations of H2O2 were determined using ferrous thiocyanate 
method124,125 based on the oxidization of ferrous ion to ferric ion, with some 
modification for our purposes. At low-pH, thiocyanate ion binds to ferric rion 
generating a red-colored complex that could be measured at 480 nm. Diluted 
Fe(Mn)SOD with different amounts of H2O2 was denatured by adding 10% 
trichloroacetic acid. After removal of precipitated protein by centrifugation at 
12000 rpm for 2 min, 0.1 ml 2.5 M potassium thiocyanate was added to a 1.0 ml 
aliquot of the supernatant. Absorption at 480 nm was taken as the background 
absorbace A0 resulting from Fe released by the protein. Because of the low 
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concentration of protein, A0 was small and had little impact on the result. 0.2 ml 
10 mM ferrous ammonium sulfate was added after measuring A0, and incubated 
for ~20 min before A1 at 480 nm was recorded. The chromogenic reaction 
reached equilibrium after incubation for 20 minutes generating a constant 
absorption. To calculate the H2O2 in the mixture, we constructed a standard 
curve using samples produced by the same protocol but containing known 
concentrations of H2O2 and no FeSOD or Fe(Mn)SDO, under the same condition 
as shown in Figure 5-8.  
    
Figure 5-8 The standard curve of ferrous thiocyanate method from different trials. 
 
Figure 5-9 H2O2 consumption and O2 formation. 
H2O2 consumption and dissolved oxygen generation by Fe(Mn)SOD in the presence 
of different concentration of H2O2. The closed squares represent H2O2 
concentrations and open squares represent dissolve O2 concentrations. 
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 The stoichiometric ratios of H2O2 consumed to O2 produced were 
determined to be 2 H2O2 consumed per 1 O2 formed over 60 min. This is 
consistent with catalase activity. However, the time dependencies indicated that 
the O2 formation was most rapid during the first 10 min and then reached 
plateau or even decreased. The O2 produced during the first 10 minutes 
compared to the H2O2 consumed during the same time interval yielded a 
different stoichiometry. H2O2 decreases over time were most rapid at high H2O2 
concentrations. Therefore, within the first 10 min, much more O2 was formed 
compared to the reacted H2O2 and we propose that the consumption of H2O2 
corresponds to two different reactions in the course of the experiment.  At short 
times we observe H2O2 -> O2 but at later times H2O2 appears to be engaging in a 
different reaction. We note that when ABTS or amplex red were present there 
was no visible O2 evolution, suggesting that the reaction with the chromogen 
outcompeted whatever reaction oxidizes H2O2 to O2.  
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CONCLUSIONS 
 
In this project, we used an in vivo preparation method to produce 
Fe(Mn)SOD that is inactive with respect to superoxide radical dismutation 
owing to the mis-incorporation of Fe in the active site evolved to use Mn. The 
properties of Fe(Mn)SOD were found to agree well with previous studies, even 
though less Fe incorporation was somewhat sub-stoichiometric. These results 
support the possibility of in vivo presence of Fe-substituted MnSOD in aerobic 
organisms or even in human mitochondria. 
To investigate the possible toxicity of Fe(Mn)SOD via possible peroxidase 
activity, the reaction of Fe(Mn)SOD with hydrogen peroxide was studied, 
including the changes of optical spectra, modification of Trp residues, variations 
of active site coordination and secondary structures. I found that after exposure 
to H2O2, Trp residues were oxidized based on both UV-Vis signatures and near 
UV CD spectra. The secondary structure of the protein was also impacted, 
probably because of the modification of Trp residues. We could attribute these 
changes to reactions mediated by the active site Fe, because the results of H2O2 
treatement were very different from those displayed by FeSOD.  Although 
FeSOD's Trp also underwent modification and the enzyme became inactivated, 
the nature of the reactions with H2O2 was not identical. Even H2O2 is believed to 
oxidize proteins via highly reactive intermediates including Fe and formed via 
Fe2+ we were not able to observe Fe3+ reduction in Fe(Mn)SOD, although our 
methods succeeded in doing so in FeSOD.  What’s more, the activities of 
Fe(Mn)SOD and FeSOD were totally different in the ABTS assay or Amplex Red 
assay. Since several reactions contribute to absorbance changes observed in 
each of these assays, more work should be done to understand what reactions 
occur.  
While additional studies employing shorter times and terminating the 
H2O2's reaction with the protein in advance of slower analyses are needed to 
capture the sequence of evens, it is already indisputable that the different active 
sites and reduction potentials of Fe(Mn)SOD and FeSOD play a decisive role in 
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determining the course of H2O2's reactions and the outcomes of treatment in 
those two homologous proteins.   
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